' INTRODUCTION
Estrogens and their main targets, estrogen receptors (ERR and ERβ), play key roles not only in the maintenance of normal sexual and reproductive function but also in the progression of numerous diseases. 1, 2 In ER-positive breast cancers, estrogenreceptor R (ERR) is the major and well-established biomarker for the assessment of prognosis and for predicting the response to endocrine therapy with selective estrogen receptor modulators (SERMs) and selective estrogen receptor down-regulators (SERDs), 3 such as hydroxytamoxifen ( Figure 1 ). A series of estrogen-derived metal complexes have been designed as targeting drugs to deliver special functional units into ER-positive cells, which in turn may be used for chemotherapy, 4 as well as diagnostic imaging purposes, viz., targeted MRI contrast reagents. 5 The design and synthesis of a new series of SERMs, composed of lanthanide (Ln) chelates of estradiol-pyridine tetra acetate (EPTA-Ln), was recently reported. 5 The Ln can be any of the lanthanide ions, such as Gd 3þ or Eu 3þ ( Figure 1 ). Taking advantage of the paramagnetic properties of lanthanide ions and, in particular, Gd 3þ , EPTA-Gd can be used as a contrast reagent in MRI studies of target organs and tissues responsive to estrogens. 5 These new SERMs show binding affinities to ERR in the range of 1 μM (employing a competitive radiometric binding assay with titrated 17β-estradiol, E2). 5 One might assume that the presence of a large bulky side chain attachment in EPTA-Ln molecules would give rise to antagonistic behavior as with other ER antagonists ( Figure 1 ). However, because of the attachment position being C17 ( Figure 1 , estradiol-pyridine tetra acetate europium, EPTA-Eu) rather than C7 (Figure 1 , SERDs) 6 of the steroid core, EPTA-Ln molecules exhibit agonist behavior similar to that of E2, stimulating cell proliferation and inducing ERR degradation in ER-positive breast cancer cells. 5 It was previously shown that it is possible to append a bulky organometallic moiety at the 17R-position of estradiol, while maintaining both affinity for the ER 5,7 and estrogenic behavior. 5, 8 Recently, lanthanide chelates of progesterone, specifically targeted to the progesterone receptor and applied as contrast agents, have also been reported. 9 However, the molecular mechanisms underlying the interaction of such ligands with the receptor and the ensuing biological activity are not known. Here, we report a novel conformation of the ERR ligand-binding domain (ERR-LBD), complexed with EPTA-Eu, at 2.6 Å resolution. This crystal structure provides a molecular basis for understanding the estrogenicÀagonistic activity of this type of ligand.
Many crystal structures of complexes of ER-LBDs with SERMs have been determined. 2 The ERR-LBD structure has the same three-layer helical "sandwich" fold as found in other nuclear receptors (NRs), and its ligand occupies a buried, hydrophobic ligand-binding pocket (LBP), which is located in the lower part of the LBD. 10 The LBP is seen to be more flexible than the upper portion of the LBD and exhibits some of the properties of a molten globule. 11 The binding of E2 stabilizes this region, 12 especially the conformation of the C-terminal helix, helix 12 (H12). Different SERMs modulate H12 so as to generate different conformations in the surface area of the LBD. 6, 10, 13, 14 The exact conformation of H12 is critical for cofactor binding and transcriptional activation of ERR. Therefore, most structural 15 Recent X-ray studies suggest that the flexibility and plasticity of the entire LBP of ERs, 16 and of other NRs, such as the glucocorticoid receptor (GR) 17 and the pregnane X receptor (PXR), 18 provide it with the conformational space to expand in different directions, depending on the chemical nature of the bound ligand, as indeed is shown here for the complex of ERR-LBD with EPTA-Eu.
On the basis of the published ER-LBD structures, it appears that the ligands are fully buried within the LBP. Because no obvious entries or exit routes have been reported, the route(s) of movement of the ligand into and out of the LBP are inferred solely on the basis of the observed orientations of H12, resulting in the so-called "mouse-trap" model. However, recently, molecular dynamic simulations were used to study escape of ligand from ER-LBD and predicted up to seven possible escape pathways.
19À22 These pathways are influenced by the starting structure models, e.g., monomer or dimer, and by the chemical nature of the ligand and the protein conformations that the ligand induces. In the present study, the structure of the EPTA-Eu/ ERR-LBD complex displays an open conformation that suggests a "clamp" model of ligand binding. Overall, the structure provides a molecular basis for understanding the estrogenicÀagonistic activity of this type of ligand. On the basis of this structural information, a new series of molecules with stronger paramagnetic or fluorescent effects is being developed.
' EXPERIMENTAL SECTION Protein Purification and Crystallization. Although ERR-LBD (∼28.7 kDa) has four cysteine residues (C381, C417, C447, and C530), no intramolecular disulfide bonds are found in the protein. 23 To avoid the formation of intermolecular disulfide bonds during expression and purification of the protein, three of the cysteine residues (C381, C417, and C530) were mutated to serine. C447, which is buried inside the LBD, was not mutated. Previous publication showed that these mutations will not change the conformation of ERRLBD. 24 The triple mutant (C381S, C417S, and C530S) human ERRLBD (residues Ser301-Ala551) was produced using the pET21a/Escherichia coli BL21 (DE3) expression system and was purified on an E2-Sepharose affinity column. 25 The ERRLBD/EPTA-Eu complex was obtained by including a 150 μM concentration of the ligand in the column elution buffer, which was 50 mM arginineÀglutamic acid, 100 mM NaCl, and 50 mM HEPES, pH 7.5. Protein purified from the E2-affinity column was concentrated to 5 mg/mL and taken for crystallization without further purification. Crystals were obtained by vapor diffusion at 19°C using the hangingdrop method. Two microliters of protein solution (5 mg/mL) was mixed with 2 μL of reservoir solution, viz., 20% polyethylene glycol monomethyl ether 5000, 5% Tacsimate, 26 and 0.1 M HEPES, pH 7.0 [Tacsimate is a mixture of a particular set of organic acids supplied by Hampton Research (Aliso Viejo, CA)]. This mixture equilibrated against the reservoir solution for at least 3 weeks. Cubic crystals of dimensions ∼20 Â 20 Â 100 μm 3 were thus obtained. Prior to data collection, the crystals were flashed-cooled in liquid nitrogen with a cryoprotectant buffer (20% polyethylene glycol and 80% reservoir solution).
Data Collection and Structure Determination. X-ray diffraction data were collected at beamline ID29 at the European Synchrotron Radiation Facility (Grenoble, France). The X-ray data were processed using the HKL2000 program suite. 27 The structure was solved by molecular replacement using PHASER 28 from CCP4 package, 29 with the structure of ERRLBD 16 (PDB ID entry code 2P15) as the starting model. The initial 2F o À F c and F o À F c electron density map clearly showed the position and shape of the EPTA-Eu ligand. The model of EPTA-Eu (EEu) was constructed using the Gaussian09 program (Gaussian, Carnegie, PA), and a parameter cif file was generated using eLBOW. 30 Successive alternation of refinement cycles and manual model building was performed using PHENIX 31 and Coot 32 until convergence to values of R work = 18.3% and R free = 22.9%. Translation/libration/screw (TLS) refinement was performed at each refinement round. The TLS groups were determined by the TLS Motion Determination server. 33 The final model was validated using MOLPROBITY. 34 Details of data collection, processing, and structure refinement are summarized in Table 1 . A simulated annealing omit map and a anomalous scattering map were calculated using PHENIX. 31 The final model comprises residues 301À330, 341À413, 423À461, and 464À548. The unmodeled regions correspond to residues 331À340 within the ω-loop located between helices H2 and H3, to the disordered residues of H7 (414À417), to the loop between H7 and H8 (418À422), and to residues 462À463 in the loop joining H9 and H10. 
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ARTICLE ' RESULTS AND DISCUSSION
Dimerization Pattern of ERr-LBD. ERR-LBD/ligand complexes were purified on an E2-affinity column 25 using elution buffers containing E2, EPTA, or EPTA-Eu. Sodium dodecyl sulfateÀ polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 2) showed that in all three cases the protein eluted was of high purity. The elution profile of the purified complexes upon gel filtration on a Superdex HR 10/30 column indicates a mass of ∼60 kDa, corresponding to the molecular size of ERR-LBD dimer.
The crystal structure shows that the binding of EPTA-Eu (EEu) ligand does not affect the dimerization pattern of the protein (Figure 3a) . The homodimer is formed by the 2-fold crystallographic axis (Table 1 ) and shows the same overall dimeric arrangement as seen in the E2/LBD complex. 10 Because of the orientation of the Eu 3þ -chelated tag on the EEu within the LBP, which points away from the dimerization interface, this results in the interface helix 11 (H11) to remain intact (Figure 3b) . This suggests that it should be possible to design improved targeted SERMs for imaging, with larger and stronger paramagnetic or fluorescent groups.
Orientation of EEu within the LBP. The structure of the EEu/ERR-LBD complex exhibits the three-layered R-helical sandwich fold typical of all nuclear receptors (Figure 3a) . It is very similar to the structure of the complex of ERR-LBD with the agonist E2 (E2/ERR-LBD, PDB ID 1ERE 10 ), with an rms deviation between the two structures of only 0.4 Å over 222 CR atoms. When the two structures are superimposed, the E2 fragments in both structures almost exactly overlap (Figure 4) . Moreover, two hydrogen-bonding networks arising from the two hydroxyl groups of the E2 cores are virtually identical in the EEu/ERR-LBD and in the E2/ERR-LBD structure. The phenolic hydroxyl group of EEu (Figures 3b and 4 ) makes H-bonds with the carboxylate of Glu353, the guanidine of Arg394, the main chain carbonyl of Leu387, and with a conserved water molecule. The 17-β hydroxyl group of EEu makes a single hydrogen bond with His524. The H-bonds are thought to provide the majority of the binding free energy for E2. 35 Together with the hydrophobic residues of the binding cavity, they determine the orientation of the steroid ring of E2 or of EEu within the LBP and help to stabilize its "floppy" structure. Because europium ions can contribute a large anomalous component to X-ray scattering when present and ordered in a protein crystal, we used the anomalous signal to confirm the existence and position of the Eu 3þ in the ligand EEu (Figure 4 ). Analogously to other SERMs, such as 4-hydroxytamoxifen (OHT) and raloxifene, EEu is characterized by a steroid core with an extended "side chain" that is thought to be the key factor in making it an antagonist (Figure 1) . However, because of the chirality of carbon atom, C17, of the E2 moiety, and to the rigid triple-bond linking it with the Eu-tagged moiety, the orientation of the organometallic moiety is also fixed within the LBP, being almost perpendicular to the flat face of E2, and pointing not toward H12, but in the opposite direction, toward H7 (Figures 3b  and 4) . As a consequence, H12 is maintained in an "agonist" conformation despite the fact that the Eu tag is much larger than the corresponding moieties of other SERMs, such as OHT. These structural data explain why the EPTA-Lns act as agonists to activate the transcriptional function of ERR in breast cancer cells. 5 Similar structural considerations may hold for the binding affinity and agonist activity of novel lanthanide chelates of progesterone interacting with the progesterone receptor. 9 Open Conformation of ERr-LBD Induced by the Ligand. The Eu-tagged moiety of EEu juts ∼10 Å out of the E2 surface, pointing toward H7, and taking over the region occupied in the native receptor by the two-turn helix, H7 (residues 412À417) and by the L7À8 loop (residues 418À421) between H7 and H8 (Figures 4 and 5a) . The electron density of this region is very weak, making it difficult to model it. It appears as if this part of the structure is pushed away from the LBP by the extruded Eu-tagged fragment and is disordered. Recently, it has been shown that if a phenylvinyl moiety is added at the 17R-position of E2, H7 is deformed into an extended loop, thus increasing the volume of the LBP by 40%. 16 All of this structural information suggests that H7 of LBD may act as a gate permitting or denying access to the LBP.
Structural Comparison Suggests a New Ligand-Binding
Model. Superposition of the three structures of ERR-LBD, complexed with E2, OHT, and EEu, shows that they overlap well in the upper portion of the domain but differ significantly in its lower portion (Figure 5a ). On the basis of a comparison of their CR traces, it can be seen that three distinct regions in the lower portion of the LBD (H3, together with the "ω-loop", H7ÀH8, and H11, together with loop L11À12), function as a concerted clamp, which locks the ligand in place (Figure 5a ). They display different synergistic reciprocating movements, depending on the specific nature of the ligand bound. Upon binding of E2, this "clamp" tightens to form a stable conformation of the LBP via a group of H-bonds generated between the 17β hydroxyl group of E2, His524 and Lys531 of H11, Glu419 of H7, and Glu339 of H3 (Figure 5b) . 36 In the EEu/ERR-LBD complex (Figure 5c ), although the estradiol moiety of EEu stabilizes H11 via the H-bond with His524, the bulky Eu tag disrupts the conformation of helix H7 and shortens the helix H3 and H8 by one turn, resulting in an open conformation of the "clamp". In the OHT/ERR-LBD complex (Figure 5d) , because of the absence of an H-bond between His524 and OHT, 13 binding of OHT cannot stabilize the three elements of the pocket, which, accordingly, display relatively high flexibility as indicated by their B factors. The position of residues 418À423 (H8) in the OHT complex, especially of Glu419, which moves toward both H3 and H11, may cause the conformational changes seen in both H3 and H11 (as indicated by the red arrows in Figure 5a ). On the basis of the conformational changes and movements produced by the three ligands in the motifs forming the LBP, 11 it is suggested that a channel permitting ligands to move in and out of the LBP may be associated with the cavity formed by helices H3, H7ÀH8, and H11 (perpendicular to the plane of the representation in Figure 5a ).
In conclusion, the crystal structure of the EEu/ERR-LBD complex provides a blueprint for the design of novel chimeric ligands targeting ER-positive cells. Such estrogenic or antiestrogenic derivatives, synthesized as a hybrid with one or more functional groups, may be used for the diagnosis and treatment of diseases associated with ERs.
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